Genome rearrangement events, including inversions and translocations, are frequently observed across related microbial species, but the impact of such events on functional diversity is unclear. To clarify this relationship, we compared 4 members of the Gram-negative Burkholderia family (Burkholderia pseudomallei, Burkholderia mallei, Burkholderia thailandensis, and Burkholderia cenocepacia) and identified a core set of 2,590 orthologs present in all 4 species (metagenes). The metagenes were organized into 255 synteny blocks whose relative order has been altered by a predicted minimum of 242 genome rearrangement events. Functionally, metagenes within individual synteny blocks were often related. The molecular divergence of metagenes adjacent to synteny breakpoints (boundary metagenes) was significantly greater compared with metagenes within blocks, suggesting an association between breakpoint locations and local finescale nucleotide alterations. This phenomenon, referred to as boundary element associated divergence, was also observed in Pseudomonas and Shigella, suggesting that this is a common phenomenon in prokaryotes. We also observed preferential localization of species-specific genes and insertion sequence element to synteny breakpoints in Burkholderia. Our results suggest that in prokaryotes, genome rearrangements may influence functional diversity through the enhanced divergence of boundary genes and the creation of foci for acquiring and deleting species-specific genes.
Introduction
Whole-genome comparative analysis for a wide diversity of microbial families has revealed that large-scale genomic alterations are frequently observed between closely related strains and species (Chain et al. 2004; Yu et al. 2006) . Such alterations may contribute to the development of novel virulence (Kuroda et al. 2001; Rowe-Magnus et al. 2003) , antibiotic resistance (Kuroda et al. 2001; RoweMagnus et al. 2002 RoweMagnus et al. , 2003 Ito et al. 2003; Paulsen et al. 2003; Gillings et al. 2005) , and antigenic variation (Sasaki et al. 2002; Horino et al. 2003) phenotypes and can range from insertions, deletions, and duplications to rearrangement events such as inversions and translocations. Some classic examples include the horizontal transfer of pathogenicity islands containing virulence genes (Lesic and Carniel 2005) and the loss of chromosomal segments harboring virulence-repressing genes and operons (Day et al. 2001) . However, whereas large-scale genome gains and losses have long been recognized as important features of microbial evolution, the influence of rearrangement events such as translocations and inversions on functional diversity has been less explored. Specifically, it is unclear how rearrangements, by disrupting existing patterns of gene order and chromosomal organization, might specifically contribute to functional alterations in prokaryotic cellular pathways. Given the high frequency of such chromosomal rearrangements in bacterial families, exploring this issue is likely to be important and may further our understanding of genephenotype relationships in microbes.
Intriguingly, recent studies in eukaryotes have suggested the existence of a nonrandom relationship between large-scale genomic rearrangements and fine-scale nucleotide variation (Burt et al. 1999) . In certain vertebrate species such as dog, genes localized at rearrangement breakpoints were found to display significantly higher nucleotide substitution rates compared with genes in unaltered genomic regions (Navarro and Barton 2003; Marques-Bonet and Navarro 2005; Webber and Ponting 2005) . Similarly, a comparative study between humans and chimpanzees also reported an increased level of gene expression divergence for genes located at genomic breakpoints (Marques-Bonet et al. 2004) . Notably, however, the existence of such relationships has not been detected in other eukaryotic studies (Vallender and Lahn 2004; Zhang et al. 2004 ). We were interested in exploring this potential association in prokaryotes because simpler genomes are likely to provide more specific insights into this phenomenon. In this study, we performed a systematic analysis of chromosomal breakpoints and genome rearrangements in 4 related bacterial species of the Burkholderia genus: Burkholderia cenocepacia (Bc), Burkholderia mallei (Bm), Burkholderia pseudomallei (Bp), and Burkholderia thailandensis (Bt). Of these 4 species, 3 (Bp, Bm, and Bc) are recognized human pathogens, whereas Bt is avirulent but otherwise phenotypically similar to Bp (Wuthiekanun et al. 1996; Kim et al. 2005) . By identifying genomic regions of conserved gene order (synteny blocks) across the 4 species, we discovered that Burkholderia genes located at ''synteny block'' boundaries exhibited a significantly higher degree of molecular divergence compared with genes within blocks. Referring to this relationship as boundary element associated divergence (BEAD), we also show that BEAD is detectable in 2 other prokaryotic families (Pseudomonas and Shigella), suggesting that it may be a common phenomenon. Finally, an analysis of species-specific gene insertions and deletions also found that they were preferentially localized to synteny breakpoints. Our results thus suggest that in prokaryotes, genome rearrangements may influence functional diversity by both the enhanced divergence of boundary genes and by creating focal regions for the acquisition and deletion of species-specific genes.
Ó The Author 2007. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution. All rights reserved. For permissions, please e-mail: journals.permissions@oxfordjournals.org (Holden et al. 2004) , Bm (CP000010/CP000011) (Nierman et al. 2004) , and Bt (NC_007651/NC_007650) (Yu et al. 2006) (supplementary table S1 , Supplementary Material online). The Bc J2315 genome was downloaded from the Burkholderia Cenocepacia Sequencing Web site (ftp://ftp.sanger.ac.uk/pub/pathogens/bc). Permission was obtained from the Sanger Centre to utilize the unpublished Bc genome sequence in this study. Genome sequences for Shigella species Shigella boydii Sb227 (Sbo) (Yang et al. 2005) , Shigella dysenteriae Sd197 (Sdy) (Yang et al. 2005) , Shigella flexneri 2a strain 2457T (So) (Wei et al. 2003) , and Shigella sonnei Ss046 (Ss) (Yang et al. 2005) were obtained from GenBank under accession numbers-Sbo (NC_007613), Sdy (CP_000034), So (NC_004741), and Ss (NC_007384). Genome sequences of Pseudomonas species Pseudomonas aeruginosa PA01 (Pa) (Stover et al. 2000) , Pseudomonas fluorescens Pfl-5 (Pfl) (Paulsen et al. 2005) , Pseudomonas putida KT2440 (Pp) (Nelson et al. 2002) , and Pseudomonas entomophila L48 (Pseen) (Vodovar et al. 2006) were obtained from GenBank under accession numbers-Pa (NC_002516), Pfl (NC_004129), Pp (NC_002947), and Pseen (NC_008027).
Identification of Cross-Species Homologs (Metagenes)
Using the Bp genome as a reference, 3,460 Chr 1 and 2,395 Chr 2 open reading frames (ORFs) were queried against the Bc, Bm, and Bt genomes using TBlastN (Altschul et al. 1990 ). To minimize ambiguous predictions such as ORFs with matches to multiple genomic locations (supplementary table S2, Supplementary Material online), we constrained the resulting matches to have 1) a minimum length of 50 amino acids, 2) a minimal e value cutoff of 1 Â 10
À6
, and 3) a minimum percent identity of 50%. Bc Chr 3 was excluded from analysis as only 27 ''metagenes'' (,1%) were gained from its inclusion. Homology assignments returned 2,675 genes and these were validated by a reciprocal Blast assay resulting in 2,590 genes. Control analyses using Bc, Bm, or Bt as starting reference genomes yielded similar metagene sets (data not shown). The enrichment of metagenes on Chr 1 was computed using a Fisher's test. To correct for differences in chromosomal size, the Chr 1 and Chr 2 metagenes were scaled to the number of metagenes/Mbp. Similar procedures were used to identify Shigella and Pseudomonas metagenes and genes that were identified as acquired or deleted in the various Burkholderia species. Codeml (Yang 1997 ) was used to calculate pairwise nucleotide substitution rates (Ks) between metagenes from different species. Substitution rates of .2 were filtered as they were deemed unreliable (Hillier et al. 2004; Zheng et al. 2004 ).
Chromosomal Rearrangement Analysis
Relative metagene order of the 4 Burkholderia species was analyzed using the Multiple Genome Rearrangement (MGR) program (Bourque and Pevzner 2002) . MGR considers inversions, translocations, fusions, and fissions and computes a most parsimonious scenario that best explains the observed gene arrangements. Because ''translocated'' metagenes only represent 6% of all-metagenes and might be associated with transpositions (a rearrangement event not directly considered by MGR), they were removed from this initial analysis resulting effectively in an inversion-only metric for MGR. In this study, MGR was further constrained to use the tree topology previously published based on the analysis of 16S rRNA genes (Yu et al. 2006) because the high similarities between the Bp, Bt, and Bm gene arrangements led to an underdetermined internal edge. Similar procedures were used to generate synteny maps for the Pseudomonas and Shigella families.
Boundary Element Associated Divergence (BEAD) Analysis
Relationships between metagene divergence and proximity to rearrangement breakpoints were determined by computing the divergence of each metagene located at distances varying from 0 (immediately adjacent) up to 10 metagenes away from a breakpoint. We refer to these as boundary metagenes (Bmets) . Divergence values were then averaged across all Bmets and compared against the population of all-metagenes. P values were computed using a standard 2-tailed t-test and a nonparametric Wilcoxon rank sum test. In the Wilcoxon test, the metagenes were ranked in decreasing order of divergence (i.e., the most diverged metagene pair being the top rank) and the distribution of Bmets within this ranking was assessed.
KEGG Pathway Mapping of Metagenes
Bp genes associated with Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways at the lowest level (third level) were retrieved from http://www.genome. jp/kegg/. The pathway-mapped Bp genes were then mapped to the 2,435 metagenes. Each metagene was then compared with its adjacent metagenes to determine if they belonged to the same reference pathway. When a metagene was involved in multiple KEGG pathways, a same metagene pair was considered if any of its reference pathways matched the adjacent metagene.
Results

Chromosomal Mapping of Orthologous Genes Reveals Distinct Rates of Sequence Divergence between Burkholderia Chromosomes
To identify homologous genes across Bp, Bm, Bt, and Bc, we employed a reciprocal Blast strategy (see Materials and Methods). We identified 2,590 genes with unambiguous single orthologs across the 4 species and subsequently refer to these gene entities as metagenes. From this, we estimate that approximately 44% of genes in the Bp genome (2,590/5,855) are highly conserved across all 4 species. Variations in the similarity threshold cutoff for assigning homologs yielded comparable metagene sets (see Materials and Methods) indicating that the 2,590-metagene set is robust. Note that Bp is used as the reference genome in this study because of our prior interest in this organism as the causative agent of melioidosis (Wiersinga et al. 2006) .
The Bp, Bm, and Bt genomes comprise 2 chromosomes, whereas the Bc genome has 3. Because the inclusion of Bc Chr 3 only affected the overall metagene count by ;1%, this chromosome was excluded from subsequent analysis. Studying the distribution of the metagenes in the genome showed an uneven spread across the 2 chromosomes. Specifically, in Bp, the majority of metagenes (75.5%, 1,955/2,590) were found on Chr 1, with the remaining 24.5% on Chr 2. This difference is highly significant even after correcting for chromosomal size differences (P 5 1.64 Â 10 À34 ; see Materials and Methods). A similar analysis of Bm, Bt, and Bc revealed that 72% of the metagenes were consistently found on Chr 1 in all genomes, whereas 22% were found on Chr 2 ( fig. 1 ). Under a parsimony assumption, this result implies that the chromosomal assignments are likely to be ancestral. In contrast, only 6% of the metagenes (155 genes) appear to have experienced an interchromosomal displacement event. We refer to this set as translocated metagenes and the remaining 2,435 metagenes (94%) as ''nontranslocated'' metagenes.
Interestingly, we found that the depletion of metagenes on Chr 2 could be explained, at least in part, by genes on Chr 2 experiencing an accelerated rate of sequence divergence. This is supported by 2 findings. First, a comparison of pairwise amino acid similarities between Bp metagenes and their orthologs in the 3 other species revealed a significantly lower average amino acid similarity in Chr 2 metagenes compared with Chr 1 metagenes (table 1; pairwise P values in Bc: 4.4 Â 10 À27 , Bm: 2.8 Â 10 À11 , and Bt: 0.031). Second, a similar comparison of nucleotide substitution rates also confirmed significantly increased nucleotide substation rates (Ks) in Chr 2 metagenes compared with Chr 1 (supplementary table S3, Supplementary Material online). This striking interchromosomal difference thus promoted us to analyze the 2 chromosomes separately in subsequent analyses.
Functionally Related Genes Are Embedded in Conserved Synteny Blocks
To identify regions of conserved gene order and largescale rearrangement events across the 4 species, we applied the MGR algorithm (Bourque and Pevzner 2002) on the set of 2,435 nontranslocated Burkholderia metagenes (see Materials and Methods). Initially, the 2,435 metagenes were condensed into 255 synteny blocks, referring to chromosomal regions of conserved gene order across all 4 species (average # of metagenes/block 5 32). The final rearrangement scenario recovered a total of 242 rearrangement events consisting of: 9 inversions (6 on Chr 1 and 3 on Chr 2) between Bt and Bp, 52 inversions between Bm and Bp, and 181 inversions between Bc and Bp ( fig. 2A) .
The Bp genome contains numerous clusters of functionally related genes, some which are likely to correspond to operons (Rodrigues et al. 2006) . We hypothesized that if the cellular functions mediated by these clusters are important units that are conserved and required through evolution, genes in these units should thus be preferentially be preserved within synteny blocks (Tamames 2001) . To test this model, we used the KEGG cellular database to functionally annotate the individual metagenes in terms of their cellular and metabolic pathways (Kanehisa and Goto 2000) (see Materials and Methods). We then compared the KEGG pathway assignments for adjacent pairs of metagenes that were either within a single synteny block or between different blocks. For both Chr 1 and Chr 2, we found that metagenes within the same synteny block were far more likely to share related cellular functions compared with metagenes between blocks (Chr 1: 45% vs. 15%, P 5 1.32 Â 10 À07 ; Chr 2: 55% vs. 6%, P 5 1.99 Â 10 À16 ; by Binomial test; supplementary table S4 [Supplementary Material online] ). This effect remained significant albeit weaker even after accounting for the fact that gaps between synteny blocks are typically larger than those within blocks (data not shown). Overall, these results suggest that synteny blocks tend to represent units of genes with similar functions and that rearrangement events tend to be biased in favor of separating genes with distinct functions.
Besides identifying ancestral rearrangement events, the MGR algorithm also allowed a putative Burkholderia median ancestor to be reconstructed ( fig. 2A) . A comparison with Bp reveals the existence of 5 large synteny blocks in the predicted ancestor. We observed that some of the metagenes in synteny block 4, which were also coadjacent in Bp, Bc, and Bt, are localized to distinct chromosomal locations in Bm (see red line in fig. 2A ). Supporting this putative ancestral organization, many of the genes in synteny block 4 were functionally related by being involved in ABC transporter processes ( fig. 2B) . Thus, although the computational prediction should be treated with caution, this result suggests that this segment of synteny block 4 in the putative ancestor may have experienced a genomic rearrangement in the Bm lineage.
Correlating Rearrangement Breakpoints with Nucleotide Divergence Reveals BEAD To explore the relationship between large-scale genome rearrangement events and fine-scale genetic divergence, we then identified a population of Bmets, corresponding to metagenes localized adjacent or in close proximity to synteny breakpoints (see Materials and Methods). We calculated levels of sequence divergence in Bmets based on pairwise comparisons between Bp and the other 3 species and contrasted these values against the all-metagene distribution. We discovered that for all 3 comparisons, the Bmet population consistently exhibited enhanced amino acid divergence ( fig. 3 ) and that this was true especially when the Bmet population was confined to metagenes immediately adjacent to a synteny break. The strongest effect NOTE.-''Average identity'' was computed against using Bp as a reference. Of the 2,435 metagenes, 1,854 metagenes were found on Chr 1 and 581 metagenes on Chr 2.
FIG. 2.-(A)
Whole-genome synteny maps of Bp, Bm, Bt, and Bc and of the predicted Burkholderia ancestor. Blocks and gaps are displayed proportionally to their actual size in all 4 species. The brown blocks correspond to Chr 1, whereas the green blocks correspond to Chr 2. A diagonal line traverses each chromosome of Bp from top left to bottom right to show the relative order and orientation of the metagenes in the other genomes. The tree on the left displays separation times estimated from 16S phylogeny (Yu et al. 2006) . Numbers within brackets indicate the number of reversals in Chr 1 and Chr 2, respectively, whereas the number outside refers to the total number of reversals of both chromosomes. The red line denoted above the chromosomes shows the location of the gene cluster highlighted in (B). (B) Reconstruction of a putative functionally related gene cluster from Burkholderia ancestral chromosome 1 that has been shuffled in the Bm lineage. vs. 99.46%, P 5 0.5095) where the low significance in the Bm comparison can be explained by the extremely high sequence identity of Bm and Bp metagenes (.99%). Indeed, when we adopted an alternative rank-based statistical approach where the Bm metagenes were ranked in order of their divergence to Bp, this observed difference was highly significant (table 2) . Finally, besides amino acid identify, we also compared nucleotide substitution rates between Bmets and the all-metagene population. Similar to the amino acid analysis, Bmets also exhibited higher nucleotide substitution rates compared with all-metagenes, with the strongest difference found in Bc, followed by Bt and Bm (supplementary table S5, Supplementary Material online).
The observation that Bmets exhibit increased amino acid divergence compared with the global metagene average indicates a potential relationship between the locations of rearrangement breakpoints and fine-scale genetic divergence. We will refer to this phenomenon as BEAD. To investigate if local variations in GC content could explain the occurrence of BEAD, we compared %GC and %GC4D for Bmets and all-metagenes in Bp. However, there was no significant difference in GC content between Bmets and all-metagenes for both Chr 1 and Chr 2 (Chr 1: 67.9% vs. 68.2%, P 5 0.36 and Chr 2: 68.9% vs. 68.7%, P 5 0.59; supplementary fig. S2 [Supplementary Material online] ). This suggests that, in contrast to higher eukaryotes (Webber and Ponting 2005) , mechanisms independent of GC content may underlie BEAD in Burkholderia (see Discussion).
Evidence of BEAD Effects in Translocated Burkholderia Metagenes
To further validate the prevalence of BEAD, we revisited the set of 155 metagenes that had experienced an interchromosomal translocation (or transposition) event in one of the Burkholderia lineages. The 155 translocated metagenes could be classified into 3 distinct groups: A) 69 metagenes translocated to Chr 2 in the Bc lineage, B) 54 metagenes translocated to Chr 1 also in the Bc lineage, and C) 32 metagenes translocated to Chr 2 in the Bm lineage. Similar to Bmets, we tested if these translocated metagenes might be associated with increased divergence rates relative to the entire metagene population. The average identity of group A metagenes was 69.01%, which was significantly lower than both the average identity of nontranslocated metagenes on Bc Chr 1 (83.57%, P 5 2.55 Â 10
À17
) and on Bc Chr 2 (78.18%, P 5 1.77 Â 10 À09 ). Similarly, the average identity of group B metagenes was 76.35%, which was significantly lower than the average identity of nontranslocated metagenes on Bc Chr 1 (83.57%, P 5 1.39 Â 10 À05 ) and lower than on Bc Chr 2 (78.18%, P 5 0.24). In a comparison to Bp, the average amino acid identity of group C metagenes was 99.38%, which was lower than the average identify of nontranslocated metagenes on Bm Chr 1 (99.56%, P 5 0.62) and Bm Chr 2 (99.46%, P 5 0.43). Similar results were observed when we applied the Wilcoxon rank sum test in all 3 groups (table 3). These results indicate that the translocated metagenes appear to be associated with elevated genetic divergence, an observation that is consistent with BEAD.
Conservation of BEAD across Other Prokaryotic Species
Besides Burkholderia, chromosome rearrangements are also frequently found in other bacterial families. To investigate if BEAD could also be observed in other prokaryotes, we analyzed 2 other Gram-negative bacterial families: Pseudomonas and Shigella. For Pseudomonas, we retrieved genome sequences for Pa PA01, Pfl Pfl-5, Pp KT2440, and Pseen L48. Using an approach identical to the one used on Burkholderia, we identified 2,023 Pseudomonas metagenes across the 4 species and condensed them into 577 synteny blocks. Similar to our findings in Burkholderia, we found that Pseudomonas Bmets were associated with significantly elevated sequence divergence compared with the total Pseudomonas metagene population, particularly when the Bmet population was confined to metagenes immediately adjacent to a synteny block boundary (table 4) . Specifically, the average sequence identities of Bmets compared with all-metagenes for Pseen, Pp, and Pfl were 74.22% versus 76.27% (P 5 0.0182); 72.96% versus 75.17% (P 5 0.0299); and 73.23% versus 75.39% (P 5 0.0256), respectively (table 3; fig. 4 ). This result indicates that the BEAD is also observed in Pseudomonas species.
For Shigella, we retrieved genome sequences for Sbo Sb227, Sdy Sd197, So 2a strain 2457T, and Ss Ss046. Using Sdy as a reference, we identified 2,034 Shigella metagenes across the 4 species and condensed them into 137 synteny blocks. Bmets in this analysis displayed a similar profile (table 3; À03 ) compared with Pseudomonas (P 5 7.77 Â 10 À15 to 3.33 Â 10 À16 ) is likely a consequence of the 4 Pseudomonas species being far more genetically divergent from one another than the Shigella family (Overall sequence identity is 75% for Pseudomonas compared with 99% for Shigella; table 3). For the Shigella species, this high overall similarity results in more subtle differences between the Shigella Bmets and non-Bmets.
Rearrangement Breakpoints Are Hot spots for Gene Acquisition and Deletion
The availability of a Burkholderia synteny map also provided us with an opportunity to investigate the remaining 56% of Bp genes that were not classified as metagenes. Such ''nonmetagenes'' might represent genes I) specific to a single lineage, II) present in 2 lineages but missing in the other 2, or III) present in 3 lineages but missing in one. To investigate the possible relationship between synteny blocks and the locations of these species-specific genes, we focused on genes acquired or deleted on a single-specific lineage (Scenarios (I) and (II) above; see table 5). We mapped the locations of the acquired and deleted genes and classified them to be either in gaps within synteny blocks or in gaps between blocks. In Bp, the percentage of acquired/deleted genes located between synteny blocks was higher than expected by chance given the relative sizes of these regions (Chr 1: 67.7% vs. 51.05%, P 5 1.05 Â 10 À09 ; Chr 2: 90% vs. 81.42%, P 5 4.55 Â 10 À04 ; see table 5). Similar results were observed for acquired/deleted genes in Bt (Chr 1: 59.48% vs. 51.05%, P 5 3.34 Â 10 À03 ; Chr 2: 87.83% vs. 81.42%, P 5 2.63 Â 10 À04 ) and also for genes in Bm (Chr 1: 59.54% vs. 47.54%, P 5 1.02 Â 10 À03 ; Chr 2: 78.18% vs. 76.38%, P 5 0.295). This trend was also observed in Bc Chr 2 (82.19% vs. 78.35%, P 5 0.0202) but not for Bc Chr 1 (46.83% vs. 53.51%), potentially because this genome has the highest proportion of ORFs that are not metagenes. Thus, species-specific genes appear to be preferentially acquired and/or deleted at synteny breakpoint regions.
Genome analysis of individual Burkholderia species has identified numerous insertion sequence (IS) elements that may have contributed to the process of gene acquisition, deletion, and rearrangements (Holden et al. 2004; Nierman et al. 2004) . We hypothesized that similar to deletions and acquisitions, IS elements might also be found preferentially localized to breakpoints. We manually extracted 43 IS elements from both chromosomes of Bp (Kooij et al. 2005) .
Discussion
The study of large-scale chromosomal rearrangement events in prokaryotes has traditionally been complicated by high levels of genome rearrangement and horizontal gene transfer (Ochman et al. 2000; Boucher et al. 2003) resulting in a low rate of gene order conservation across species (Sankoff 2003) . In the case of Burkholderia, the relatively high degree of conservation of gene order, coupled with the presence of multiple chromosomes, makes this microbial family an intriguing model system for studying prokaryotic chromosomal evolution within a single organism. To our knowledge, this is the first study exploring the relationship between large-scale rearrangement events and fine-scale nucleotide substitution in prokaryotes. By comparing Bp, Bm, Bt, and Bc, we identified 2,590 orthologous genes that were conserved across all 4 species. Unexpectedly, these metagenes were unevenly distributed between the 2 Burkholderia chromosomes, with metagenes being significantly more prevalent on Chr 1 than Chr 2. Previous work in higher eukaryotes has shown that homologous chromosomes across different species can often experience different rates of large-scale evolutionary change (Bourque et al. 2005; Fischer et al. 2006) . What is less explored, however, is whether distinct chromosomes within the same organism can also display different rates of evolutionary change. In the case of Burkholderia, both chromosomes contain different repertoires of gene content and exhibited varying evolutionary rates. This is consistent with the fact that the Burkholderia chromosomes may be functionally partitioned, with housekeeping genes preferentially localized on Chr 1 thereby requiring strong conservation, and genes for accessory functions on Chr 2 (Holden et al. 2004) . Alternatively, it might be that Chr 1 and 2 were acquired at different times by the Burkholderia ancestor. For example, Chr 1 might represent the true ancestral chromosome, whereas Chr 2 might have been acquired more recently-such an event might also contribute to the differences in metagene divergence between the 2 chromosomes.
We generated a 4-way whole-genome synteny map and discovered an association between genome rearrangement breakpoints and increased nucleotide variation; referred to as BEAD. Repeating the analysis in Pseudomonas and Shigella, we then showed that BEAD was detectable in other bacterial families. Although the nonrandom association between large-scale and fine-scale variation had been previously reported for some higher eukaryotic species (see below), our study suggests that BEAD is likely a prevalent process in prokaryotes as well. The BEAD effect in prokaryotes was most significant for metagenes located immediately adjacent to rearrangement breakpoints, and similarly, in eukaryotic genomes elevations in sequence diversity have been shown to decline statistically from the ends of chromosomes, particularly in subtelomeric regions (Navarro and Barton 2003; Hillier et al. 2004; Marques-Bonet et al. 2004; Webber and Ponting 2005) . Despite this similarity, it is possible that the mechanisms underlying this phenomenon may be different between eukaryotes and prokaryotes. Specifically, we did not observe in Burkholderia a relationship between elevated GC content and nucleotide divergence, unlike that reported for eukaryotes. In eukaryotes, this bias has been attributed to nucleotide substitution rates in different regions being strongly affected by differences in CpG content due to the hypermutability of methylated cytosines in CpG dinucleotides (Cooper and Youssoufian 1988; Sved and Bird 1990) . The mechanisms underlying BEAD in prokaryotes deserve to be further studied but may be linked to the preferential localization of IS elements at breakpoint regions. One possibility is that the introduction of such elements may have affected the local fidelity of the DNA replication and recombination machinery, ultimately resulting in an enhanced level of sequence divergence between genomes. An alternative possibility is that the high recombination rate of IS elements might also directly induce genome rearrangements due to de novo insertions and recombination across these elements. This latter possibility may be especially relevant to Bm, which contains many more IS elements than the other Burkholderia species.
An interesting logical cause-and-effect question following from this result: 1) does genomic breakage precede the appearance of high nucleotide divergence, 2) does nucleotide divergence at a genomic loci precede a chromosomal break, or 3) do these 2 processes act in an independent but correlated fashion? For example, it is possible that syntenic breaks may preferentially occur at genomic loci where mutations are intrinsically better tolerated, . This result may suggest that nucleotide divergence does not precede genomic breakage. Unfortunately, the current data set did not allow us to distinguish between the remaining 2 scenarios because of the limited number of rearrangements on the internal edge for this family.
In conclusion, we have in this study demonstrated in prokaryotes the existence of a link between large-scale genome rearrangements and fine-scale nucleotide variation localized to rearrangement breakpoints. As more bacterial genomes are sequenced, we will be able to further assess the general applicability of BEAD and its potential role in microbial evolution.
